Objective: To determine if poor dietary intake can explain the cobalamin-related abnormalities often seen in the elderly. Design: Prospective laboratory survey with a follow-up dietary assessment. Setting: Social centers for the elderly and an outpatient clinic. Subjects: Ninety-®ve free-living subjects b60 y old with abnormal or suspicious ®ndings in cobalamin-related tests and 78 subjects b60 y old with normal results. Interventions: Serum cobalamin, methylmalonic acid and homocysteine determinations to assess cobalamin status and a one year food-frequency questionnaire to assess cobalamin intake. Results: Only three of the 173 subjects (1.7%), one of whom had normal cobalamin status, ingested`2 mg cobalamin/d, the Recommended Daily Allowance. Sixty-nine subjects (39.9%) ingested`6 mg/d, but they did not have more abnormal serum cobalamin or metabolite values than those ingesting b6 mg. Ordering all subjects by quintiles according to cobalamin intake revealed no signi®cant trends or differences in any of the serum values either. Moreover, arranging subjects by results of tests of cobalamin status showed that the subjects with abnormal cobalamin status did not differ in cobalamin intake from those with normal cobalamin status, although they did differ in use of supplements. Finally, cobalamin intake, with or without supplements, did not correlate with serum cobalamin or metabolite levels. The absence of any association between cobalamin status and intake contrasts sharply with the signi®cant correlation between folate intake and folate status (P 0.0001). Conclusions: The high frequency of mildly abnormal cobalamin status in the elderly cannot be attributed to poor intake of cobalamin. Nondietary explanations, such as malabsorption and other phenomena, must always be sought to explain mild cobalamin de®ciency in the elderly.
Introduction
The elderly often have low cobalamin levels (Boger et al, 1955; Chow et al, 1956; Elsborg et al, 1976; Nilsson-Ehle et al, 1991; Hanger et al, 1991; Carmel, 1997) . The evidence indicates that these low levels usually represent real, albeit mild, cobalamin de®ciency. The metabolic evidence for de®ciency has been provided by abnormal deoxyuridine suppression results in bone marrow cells and by elevated methylmalonic acid and total homocysteine levels in the blood (Carmel et al, 1987; Pennypacker et al, 1992; Joosten et al, 1993; Carmel et al, 1995) .
How this mild de®ciency arises is not always readily apparent. The typical causes of classical de®ciency, malabsorption of free cobalamin (for example, pernicious anemia) and malabsorption limited to food cobalamin (for example, atrophic gastritis), explain less than half of the low cobalamin levels in the elderly (Elsborg et al, 1976; Carmel et al, 1988b; Joosten et al, 1993; Carmel, 1995 Carmel, , 1996 Carmel, , 1997 . More obscure processes, such as a mild relative failure to conserve urinary cobalamin losses (Carmel & Chen, 1994) , cannot explain the low serum cobalamin levels in the remainder, and hormonal supplementation in elderly women does not impair their cobalamin status .
Understandably, speculation has focused in the past on poor dietary intake of cobalamin (Elsborg et al, 1976; Narayanan et al, 1991) . The elderly often have poorer diets than do younger people (Ryan et al, 1992) , and dietary explanations for low cobalamin levels are, therefore, often automatically assumed by clinicians. Although dietary insuf®ciency is considered a rare cause of¯orid cobalamin de®ciency (Chanarin, 1979) , its role in the marginal de®-ciency so common in the elderly is unknown. Therefore, we combined dietary and metabolic assessment of cobalamin status in 173 elderly subjects in order to determine whether poor diet can be implicated in the mild de®ciency of cobalamin in the elderly.
Patients and methods
In a prospective survey of cobalamin status in the freeliving elderly (b60 y of age) at two adult education centers, an adult social club and a Department of Veterans Affairs outpatient clinic, all subjects underwent blood testing for serum cobalamin, methylmalonic acid and total homocysteine levels. All 142 subjects found to have an abnormality in one or more of these blood tests that suggested possible cobalamin de®ciency were contacted for assessment of dietary intake. The dietary assessment was completed in the 115 subjects who responded to the telephone call. However, 20 of the 115 subjects were excluded because of renal insuf®ciency (creatinine levels were measured) or other ®ndings that compromised the reliability of their elevated metabolite levels. Concurrently, 78 subjects with normal cobalamin-related blood test results were recruited from the same surveyed population as controls, attempting to achieve the same distribution for sex, ethnic background and decade of age as in the de®cient subjects. Chi-square analysis showed no signi®cant differences in any of these characteristics between the subjects with normal and abnormal cobalamin status.
None of the subjects had a prior diagnosis of cobalamin de®ciency or a history of gastric surgery. Routine absorption testing was not incorporated into the survey because such testing requires strict patient compliance; it would have been logistically prohibitive, while at the same time inhibiting subject recruitment and thus introducing potential selection bias into the study. The primary goal was to determine the prevalence of inadequate dietary intake of cobalamin, whose recognition is not affected by the presence or absence of malabsorption.
A formal 131-item, expanded, one-year semi-quantitative food-frequency questionnaire was used (Rimm et al, 1992; Feskanich et al, 1993) . To enhance uniformity, the interviewer entered each subject's responses on the questionnaire form. The answer options included frequency of intake and sizes of portions. Supplement use was recorded, with identi®cation of the type and amount of supplement. The completed forms for each individual were converted into average daily quantities of speci®c nutrients at the Department of Nutrition, School of Public Health, Harvard University (Rimm et al, 1992) .
The calculated intake of cobalamin included both food and vitamin supplement sources (total cobalamin intake). We also separately examined dietary intakes of cobalamin from food only (food cobalamin intake). The difference between the two, representing intake from supplements alone, was also analysed. Because folate and pyridoxine status can affect homocysteine levels, intake of those two vitamins was determined as well.
Serum cobalamin was assayed by radioisotope dilution as described previously (Carmel et al, 1988a) ; normal range is 140±750 pmol/l. Serum methylmalonic acid was assayed by a modi®cation of the technique of Rasmussen (1989) ; the normal range is 79±376 nmol/l. Serum total homocysteine was assayed as described previously (Jacobsen et al, 1994) ; the normal range is 3.9±16.8 mmol/l for women and 8.6±17.1 for men. Serum folate was assayed with the Quanta-Phase II radioassay (BioRad Laboratories, Hercules, CA); the normal range is 5.7±45.3 nmol/l.
Statistical analysis was performed using SAS (SAS/ STAT User's Guide, 1988) . Because the distributions of dietary intake and serum variables were positively skewed, a transformation was selected for each variable that resulted in a distribution closest to the normal bell-shaped curve, so that parametric statistical methods such as analyses of variance could be used. Most were normalised by a log transformation, except for dietary folate which required a square root transformation and methylmalonic acid which was normalised by a reciprocal transformation. Analyses were performed on the transformed data. Ninety-®ve percent con®dence intervals were calculated for each mean value.
Comparisons between groups based on cobalamin status were made using Student's t-test for independent samples for continuous variables and chi-square or Fisher's exact test for categorical variables. Where data from three diagnostic subgroups of subjects were compared, one-way analysis of variance with Bonferroni adjustments for multiple comparisons was used instead of Student's t-test. Correlational analyses used the Spearman rank method.
Because the food questionnaire performs better as a means of ranking or categorising subjects than de®ning precise individual intake (Sempos, 1992; Liu, 1994; Reuben et al, 1995) , analysis included dividing all the subjects into quintiles ranked by their dietary intake. The lowest quintile constituted the one-®fth of the sample with the lowest cobalamin intake; the second quintile made up one-®fth of the sample with the next highest intake, and so on until the ®fth quintile with the highest intake. Serum values were then compared between these ®ve quintiles by one-way analysis of variance. Analysis of subjects divided into quintiles by total folate intake was done in the same way.
Results
The 173 subjects, whose results constitute our report, included 120 men and 53 women. There were 83 people aged 60±69 y, 76 aged 70±79 y and 14 who were 80 y of age or older. Eighty-seven of the subjects identi®ed themselves as white, 34 as Latin American in origin, 35 as black and 17 as Asian or other in origin.
Comparison of cobalamin status with dietary intake
Dietary intake of cobalamin did not differ by the subjects' ages (analysed by decades), sex or ethnic background.
The total intake of cobalamin, which includes vitamin supplements, did not correlate with serum cobalamin (P 0.39), methylmalonic acid (P 0.84) or homocysteine levels (P 0.21) in the 173 subjects. These ®ndings did not change when analysis was con®ned to dietary cobalamin intake from food alone.
The 173 subjects' serum cobalamin, methylmalonic acid and homocysteine results allowed us to divide them for group analysis into those with either de®nably normal or de®nably abnormal cobalamin status; the remaining subjects whose metabolic abnormalities did not permit de®nite categorisation were assigned to a third, indeterminate category. In group 1, abnormal cobalamin status was clearly suggested by a low serum cobalamin level and/or elevated methylmalonic acid level (regardless of the homocysteine level); 64 subjects fell into this category. In group 2, normal cobalamin status was indicated by normal results in all three serum values; 78 subjects were considered normal. The third, indeterminate status group had elevated serum homocysteine levels alone; these 31 subjects could not be assigned a de®nite cobalamin status because Dietary intake of cobalamin in elderly people JM Howard et al de®ciencies of folate or pyridoxine may also elevate homocysteine levels. The subjects in the three groups did not differ by age, sex or ethnic background.
Total cobalamin intake did not differ between the three cobalamin status groups (P 0.15). This was also true for cobalamin intake limited to food alone. The data are shown in Table 1 . Intake was also not signi®cantly different when groups 1 and 2, who had de®nably abnormal and normal cobalamin status, respectively, were compared directly to each other without the third group with indeterminate status.
Dietary intake of cobalamin
The total intake of cobalamin ranged from 1.47 mg±67.6 mg/d. Only 3 of the 173 subjects (1.7%) had intake below the Recommended Daily Allowance (RDA) level of 2 mg (Table 1 ). This number rose to 69 subjects (39.9%) when a more liberal allowance of 6 mg/d was considered instead. However, even the latter subjects did not have abnormal cobalamin status more often than those ingesting b6 mg (Table 1) , nor were their serum cobalamin and metabolite values signi®cantly different.
The in¯uence of dietary intake on cobalamin status was then analysed by ordering the 173 subjects by quintiles from lowest to highest intake of cobalamin (Table 2) . No signi®cant trends or differences were seen among the quintiles for serum cobalamin, methylmalonic acid and homocysteine levels. The con®dence intervals for the means overlapped across all quintiles, and each quintile included individuals with abnormal serum values.
Cobalamin supplement use Eighty of the subjects (46.2%) took cobalamin supplements regularly, usually as multivitamin preparations. Supplement use did not correlate with those subjects' cobalamin intake from food (r 70.09), suggesting that their resort to supplements was not dictated by any dietary need. Comparison of subjects with normal and abnormal cobalamin status showed more of the former to be supplement users (44 out of 78 vs 22 out of 64 subjects, P 0.02). Supplement users also had higher serum cobalamin levels (P 0.02) and lower homocysteine levels (P 0.03) than nonusers, but did not have lower methylmalonic acid levels (P 0.11).
As in the analyses of all 173 subjects, there was no association between dietary cobalamin intake and cobalamin status or between intake and serum cobalamin, methylmalonic acid and homocysteine levels when 
Dietary assessment of other vitamins
In contrast with the lack of association between cobalamin intake and cobalamin status, folate intake correlated signi®cantly with serum folate levels (P 0.0001). Moreover, quintile ranking by folate intake showed a signi®cant association with serum folate levels (P 0.0001) ( Table  3 ). The serum folate levels were lower in the lowest quintiles and in the second quintile than in the fourth and ®fth quintiles (P 0.0001 for folate intake). Serum homocysteine levels correlated with folate intake (P 0.02) and showed a borderline difference among the quintiles for folate intake (P 0.057). As expected, serum cobalamin levels (P 0.17) and MMA levels (P 0.65) did not differ among the quintiles for folate intake.
Discussion
The results of our study of the free-living elderly revealed that cobalamin intake below the RDA of 2 mg/d was rare and, therefore, could not be invoked to explain the frequently abnormal cobalamin status of elderly subjects. Cobalamin status, as determined not only by cobalamin levels but also by metabolic assessment, bore no relation to dietary cobalamin intake. Neither intake of cobalamin from food sources alone nor total intake, which includes cobalamin supplement use, correlated with serum levels of cobalamin or metabolites. Despite the fact that cobalamin absorption was not routinely determined in all our subjects, this ®nding indicates that dietary insuf®ciency of cobalamin is rare in the elderly. One must, therefore, look elsewhere than the diet to explain the high frequency of low cobalamin levels and metabolic evidence of cobalamin insuf®ciency in old age.
Most data suggest that the daily requirement for cobalamin is only 1±3 mg (Darby et al, 1958; WHO, 1970; Food & Agriculture Organization, 1988; National Research Council, 1989) . Even if one proposes a 6 mg intake as a more desirable dietary goal (Langseth et al, 1992) , our data showed that intake below 6 mg is not associated with metabolic evidence of de®ciency. Although 39.9% of our subjects ate`6 mg cobalamin/d, the prevalence of abnormal blood values was not signi®cantly greater among them than among those ingesting b6 mg.
These conclusions were supported by further analyses, in which our subjects were strati®ed and ranked in several ways because the food-frequency questionnaire is best suited for studying intake in groups (Sempos, 1992; Liu, 1994; Reuben et al, 1995) . Cobalamin intake was not signi®cantly different between subjects categorised by the presence or absence of metabolic evidence of cobalamin de®ciency. Similarly, ranking subjects by dietary cobalamin intake, using quintiles and comparing the lowest and highest quintiles, showed no signi®cant trends and no signi®cant differences in cobalamin or metabolite levels among them. These agreements among strati®cation analyses by both intake and cobalamin status validate the consistency of the negative ®ndings of the food-frequency questionnaire.
In the absence of a universal`gold standard' for estimating dietary intake and in the face of different advantages and disadvantages to every means of dietary assessment (Willett, 1990; Reuben et al, 1995) , the choice of methods depends on the nature and goals of the study. We chose the semiquantitative food-frequency questionnaire over the other major techniques, short-term dietary recall and diet record keeping, for several reasons. By far the most important reason was the complete unsuitability of the 24 h recall or the one-week diet record methods for cobalamin assessment. It takes many years to deplete the body stores of cobalamin (Chanarin, 1979) . Therefore, any shortterm view of intake cannot reliably re¯ect cobalamin nutrition for the long term and may be seriously misleading.
The food-frequency questionnaire is designed to provide useful information about nutrient intake over a period of a year (Rimm et al, 1992; Feskanich et al, 1993) . Assessment for even more than a year would have been ideal but is impractical for many reasons. Although dietary history surveys may pose problems of memory, the elderly apparently perform adequately (Hankins, 1989) . To further minimise this problem, our survey con®ned itself to freeliving subjects, most of whom were active in social and educational settings.
Despite its shortcomings (Sempos, 1992; Liu, 1994) , the food-frequency questionnaire is well validated as an epidemiologic method for assessing the role of dietary intake in disease (Willett, 1994) , which was the goal of the present study. Although the questionnaire has not been speci®cally validated in the elderly, validation for cobalamin assessment was undertaken in a study population whose mean age was 61 y . Associations between intake and serum cobalamin levels have been weak, which may be attributable in large part to the very high ratio of body stores to daily intake and other factors that make serum cobalamin levels relatively impervious to¯uctuating intakes compared with other vitamins.
Previous assessments of the in¯uence of dietary intake on cobalamin status in the elderly have given mixed results (Prothro et al, 1976; Garry et al, 1984; Hanger et al, 1991; Narayanan et al, 1991) . However, most of them used diet Dietary intake of cobalamin in elderly people JM Howard et al record and 24 h recall methods, compared with our longterm assessment instrument. Moreover, nearly all surveys measured cobalamin status by serum cobalamin assay alone, whereas we also included metabolic tests. A recent evaluation of homocysteine status in the elderly, also using the food-frequency questionnaire and multiple analyses including analysis by strati®cation, found no association between cobalamin intake and serum homocysteine levels and a very weak one with serum cobalamin levels (Selhub et al, 1993) . It was of incidental interest to note that nearly half of our surveyed elderly subjects used vitamin supplements, which may have decreased the prevalence of cobalamin de®-ciency. Similar effects of supplements have been described previously (Garry et al, 1984; Mann et al, 1987; Hartz et al, 1988; Jacques et al, 1993) . These supplement results do not alter the conclusion that abnormal cobalamin status is rarely due to poor intake. The supplement users' dietary cobalamin intake was the same as in nonusers, indicating that the supplement users did not initially suffer from poor intake. Even more importantly, the 93 nonusers of supplements had adequate cobalamin intake from food sources and their cobalamin status did not correlate with intake levels.
It is also worth noting that, unlike the lack of association between cobalamin intake and serum levels of cobalamin and related metabolites, dietary folate intake was strongly associated with serum folate levels and, to a lesser extent, serum homocysteine levels. This has been observed previously (Selhub et al, 1993; Jacques et al, 1993) . The ratio of body stores to daily requirement for folate is much smaller than that for cobalamin (Chanarin, 1979) , which almost certainly explains the closer relationship between intake and metabolic status for folate.
Conclusions
Our results showing that poor dietary intake cannot be implicated in the mild cobalamin de®ciency of the elderly indicate that nondietary causes must always be sought to explain this common metabolic insuf®ciency state in the elderly. Raising cobalamin intake might be bene®cial in the elderly, many of whom have food-cobalamin malabsorption and other absorptive defects and others of whom have still unexplained causes for abnormal cobalamin status. However, it is clear that inadequate cobalamin intake is rarely, if ever, a primary cause of cobalamin de®ciency in the elderly.
